This study presents three simple, rapid, and accurate spectrophotometric methods for the determination of Rasagiline (RSG) in pharmaceutical preparations. The determination procedures depend on the reaction of RSG with chloranilic acid for method A, tetrachloro-1,4-benzoquinone for method B, and 7,7,8,8-tetracyanoquinodimethane for method C. The colored products were quantitated spectrophotometrically at 524, 535, and 843 nm for methods A, B, and C, respectively. Different variables affecting the reaction were optimized. Linearity ranges of the methods with good correlation coefficients (0.9988-0.9996) were observed as 25-300 g mL −1 , 25-350 g mL −1 , and 50-500 g mL −1 for methods A, B, and C, respectively. The formation of products takes place through different mechanisms. The sites of interaction were confirmed by elemental analysis using IR and 1 H-NMR spectroscopy. The validation of the methods was carried out in terms of specificity, linearity, accuracy, precision, robustness, limit of detection, and limit of quantitation. No interference was observed from concomitants usually present in dosage forms. The methods were applied successfully to the determination of RSG in pharmaceutical preparations.
Introduction
In Parkinson's disease, one of the most prominent pathologies is the progressive degeneration of melanin-containing neurons in the substantia nigra pars com-pacta, resulting in the depletion of nigrostriatal dopamine [1] . Rasagiline (RSG) is a potent selective irreversible inhibitor of monoamine oxidase type B (2) and has been used for the treatment of idiopathic Parkinson's disease [2] .
The reported analytical methods for determination of RSG include high-performance liquid chromatography (HPLC) [3] [4] [5] [6] , spectrophotometry [7, 8] , and gas chromatography combined with mass spectrometry (GC-MS) [9] . No spectrophotometric method using -acceptors was reported in the literature. -acceptors such as chloranilic acid (CA), tetrachloro-1,4-benzoquinone (p-chloranil), and 7,7,8,8-tetracyanoquinodimethane (TCNQ) are known to yield charge transfer (CT) complexes and radical anions with a variety of electron donors [10] [11] [12] [13] [14] [15] . The spectrophotometric methods, based on these interactions, are usually simple and applicable for drug substances. Therefore, the aim of the present study was directed to investigate simple, rapid, sensitive, and cost-effective spectrophotometric methods based on the reactions using -acceptors. The developed analytical procedures depend on the reaction of RSG with CA is expressed as method A, with p-chloranil is expressed as method B, and with TCNQ is signified as method C. The structure of the final products in the solid phase has been characterized using 1 H-NMR and FTIR spectra.
The FTIR spectra of the reactants and the resulting products were recorded using KBr disc on Thermo Nicolet 6700 FTIR spectrometer.
1 H-NMR spectra of the products, donors, and acceptors were recorded in DMSO using Varian Mercury ( 1 H: 400 mHz) 400 NMR Spectrometer.
Chemicals and Solutions.
RSG mesylate was kindly supplied by Abdi Ibrahim Pharmaceuticals (Istanbul, Turkey) and its pharmaceutical preparation (Rasalas) containing 1 mg of RSG per film tablet was obtained from local drug store. All chemicals and reagents were of analytical grade. Stock solution of RSG (1 mg mL −1 ) was prepared by dissolving RSG mesylate equivalent to 10 mg RSG in 10 mL water.
TCNQ (Fluka-Neu-Ulm, Germany), CA, and p-chloranil Merck (Darmstadt, Germany) were freshly prepared as 0.2%, 0.1% (w/v) solutions in acetonitrile and 1% (w/v) solution in acetone, respectively; the solutions were stable for 1 week at 4 ∘ C.
General
Procedure. Into 5 mL calibrated flasks 0.125-1.50 mL, 0.125-1.75 mL, and 0.25-2.5 mL aliquots of RSG stock solution were placed for methods A, B, and C, respectively. The volume was brought to 1.50 mL (for method A), 1.75 mL (for method B), and 2.5 mL (for method C) with acetonitrile. Then 0.5 mL of chloranilic acid, 0.5 mL of pchloranil, and 1.0 mL of TCNQ were added. The reaction mixture was allowed to stand for 5 min at room temperature for methods A and B and was heated for 5 min at 80 ∘ C for method C. After cooling and diluting each mixture to 5 mL with acetonitrile the absorbances were measured at 524, 535, and 843 nm for methods A, B, and C, respectively, against a reagent blank prepared in the same manner. The calibration graphs for each method were prepared by plotting absorbance values versus concentration of RSG. 
Preparation of Calibration

Results and Discussion
It has been observed that interaction of charge transfer complexes and RSG goes through different reaction mechanisms in each case. In method A, the reaction between RSG and CA causes a charge transfer complex formation; in method B, RSG and p-chloranil interaction brings a new chemical bond; in method C, in reaction between RSG and TCNQ the latter agent transforms into its radical anion form (TCNQ ⋅− ). The maximum absorbance of described products was observed at 524, 535, and 843 nm, respectively ( Figure 1 ). The reactions between RSG and reactants were given in Figure 2 .
The influence of some variables on the reactions has been tested as follows.
Optimization of the Methods
Choice of Solvent.
Different solvents including acetonitrile, chloroform, methanol, acetone, ethanol, 1,4-dioxane, and methylene chloride were investigated in order to select the suitable solvent. Experiments indicate that acetonitrile is proved to be the most suitable diluting solvent because it affords an excellent solvating power for CA, p-chloranil, and TCNQ reagents and gives the highest absorbance value. Specially, acetonitrile, being a polar solvent, facilitates the complete transfer of charge from donor to acceptor with the formation of radical anion as the predominant chromogen. Although the formation of TCNQ ⋅− radical was possible in methanol and ethanol, the color intensity was lower within those solvents comparing with that of acetonitrile.
Reagent Concentration.
When various concentrations of the reactants were added to a fixed concentration of RSG, 0.5 mL of 0.1% CA, 0.5 mL of 1% p-chloranil, and 1.0 mL of 0.2% TCNQ solution 0.2% [w/v] were found to be sufficient for the production of maximum and reproducible color intensity ( Figure 3 ).
Reaction Time.
The intensity of absorbances of the colored products at different time intervals and temperatures for all methods was investigated. Complete color development was attained after 5 minutes at 80 ∘ C for method A, whereas for methods B and C complete color development was obtained at room temperature in the same time period (Figure 4) . The colors remained stable for 24 h for all reagents. 
Stoichiometry of the Reaction.
To determine the reaction stoichiometry Job's method of continuous variation was used [16] . According to this procedure, for each method, a series of reaction mixtures were prepared with different mole ratios of reagent to RSG from 0 to 2, while keeping the total number of moles of reactants constant. The absorbances of the reaction products were measured and graphed versus the mole ratios. For each method the graph is a curve with two regions: at the first region the absorbance increases directly proportional to mole ratio and the slope of this part of the curve is positive; at the second region of the curve the increase in mole ratio causes decrease in absorbance by observing a negative slope. The point of intersection of the two linear extrapolations corresponds to the mole ratio of reagent to RSG indicating the optimum mole ratio.
For all methods the stoichiometry of the reactions was found as 1 : 1 ratio (reagent/RSG).
Method Validation.
The developed analytical methods were validated in accordance with the ICH guideline Q2
[R1] [17] . Under the described experimental conditions, calibration graphs were constructed for all of the methods and Table 1 summarizes the values for Beer's law limits, regression equation, correlation coefficients, molar absorptivity, Sandel's sensitivity, limit of detection [LOD] and limit of quantification [LOQ], for each method. As can be seen from Table 1 , linear relationship was found between the absorbance at max and the concentration of the drug in the ranges 20-250 g mL −1 , 25-400 g mL −1 , and 20-500 g mL −1 for methods A, B, and C, respectively. Method A was the most sensitive one, with the highest value. The LOD and LOQ were determined using the formula: LOD or LOQ = SD / , where = 3 for LOD and 10 for LOQ, SDa is the standard deviation of the intercept, and is the slope. The inter-and intraday precisions were examined by analysis of RSG with the concentrations of 25, 100, and 200 g mL summarized in Table 1 which summarizes the analytical parameters.
To check the accuracy of the proposed methods, standard addition technique was applied. Different amounts of pure sample solution were added to standard drug solutions in three different concentrations and were assayed. The percent recoveries of the added sample solutions to the assay samples were calculated from
where is the total concentration of the analyte found, is the concentration of the analyte present in the formulation, Journal of Spectroscopy 5 and is the concentration of the pure analyte added to the formulation. The results of analysis of the commercial dosage forms and the recovery study were shown in Table 2 . The average percent recoveries obtained were 100.41%, 100.51% and 101.03% for methods A, B, and C, respectively, indicating good accuracy of the methods.
The applicability of the proposed method was tested by the determination of RSG in tablets. The results are satisfactorily accurate and precise as indicated by the excellent % recovery and SD < 2 (Table 3 ). Experiments showed that there was no interference from the additives and excipients, for example, lactose, glucose, fructose, magnesium stearate, and starch.
Characterization of the Reaction Products
IR Spectra of RSG with Reagents.
The IR spectra of RSG showed the expected -NH, -NH 2 + , terminal -C≡C-, and aromatic stretches at 3357, 2402, 2131, and aromatic region from 2790 to 2994 cm −1 , respectively. Together with this the SO 2 O bending of methanesulfonic acid was observed at 1171 cm −1 . The IR spectra of CA give an -OH peak at 3233 cm −1 , C=O stretch at 1665 and 1626 cm −1 , and C-O at −1 which coincides with previously reported data [18] . In the IR spectra of the reaction product of method A, the -OH peak of CA shifts to 3251 cm −1 [shielding the -N-Hstretching of RSG which seems to be shifted to 3500 cm −1 ] with a reduction in intensity and two bending peaks related to -N + -O − appears at 1282 and 981 cm −1 [19] . Thus, it seems that the complex of the drug molecules and CA is an ionic behavior and RSG is playing the cationic role in this complex.
The IR spectra of p-chloranil give C=O stretch at 1688 and 1677 cm −1 and C-O at 1315 cm −1 . In the IR spectra of the reaction product of method B, the -NH peak at 3420 cm
is being lost and a new C-N stretch is being observed at 1103 cm −1 indicating the formation of a new C-N bound between RSG and p-chloranil molecules.
The IR spectra of TCNQ reported a -C≡N-stretch at 2223 cm −1 [11] and C=C stretching at 1619 cm −1 . Interestingly except for -NH stretching of RSG and -C≡N-stretching of TCNQ no other significant change was observed in this IR spectrum. Fortunately, the radical anions of TCNQ versus salt form of other compounds have been studied in details [20] . According to this data occurrence of -C≡N-stretching band of TCNQ in lower wave number together with a broadening of -NH group indicates the anionic radical behavior of TCNQ. In the spectra of the reaction product of method C, a slight downshifting of -C≡N-stretching from 2223 to 2182 cm −1 , together with broadening of N-H peak at 3395 cm −1 , was observed. Together with this evidence neither the aromatic region is changed nor the -NH group is disappeared. All the above observations led us to the conclusion of having RSG-TCNQ in ionic radical form.
3.3.2.
1 H-NMR Spectra of RSG with the Reagents. In the 1 H-NMR spectra of RSG, except the broad singlet peak of NH 2 + at 9.50 ppm, there are two main types of peaks: aromatic and aliphatic peaks. The protons that belong to the aromatic ring appear at 7.60 (1 H), 7.34 (2 H), and 7.28 (1 H) ppm corresponding to C-6, [C-7, C-8], and C-9, respectively. A deshielded multiplet aliphatic proton at 4.79 ppm belongs to the proton of nitrogen neighboring C-2. Protons of C-11 (2H) are being overlapped with the methyl protons of methane sulfonic acid. However, it has been reported that these two protons appear at 3.97 ppm [21] . The CH 2 groups of C-3 and 4 appear at 3.08, 2.85, 2.42, and 2.19 ppm, each corresponding to one proton as multiplets. And finally the terminal methine proton is observed at 2.33 as a singlet ( Figure 5) .
We expect the complete disappearance of NH 2 + protons in case of formation of any chemical bounds between this group and any of reagents. This happens only in case of using p-chloranil in method B, as complexation agent. In the spectra of the reaction product of method B, together with disappearance of the above-mentioned peak, a singlet peak corresponding to one proton is being appeared at 6.50 ppm indicating the reduction of double bound of p-chloranil at the site of connection. Along with these, the nitrogen neighboring CH 2 group shifts up field and shows up getting rid of mesylate methyl protons ( Figure 6 ). In the spectra of the reaction products of methods A and C, no change in NH 2 + protons was observed. Together with this there is no change in the aromatic region peaks of complexes comparing with those of RSG. It has previously been reported [22] that when there is a donor group on the aromatic ring of the drug molecule, it is possible for ion transfer agents to behave as acceptor which, consequently, causes a significant change on the aromatic ring chemical shifts of the drug molecule. Probably because of lack of this option on RSG molecule, there is no change in the above-mentioned chemical shifts of RSG-CA and TCNQ. The only remarkable change in the spectra of RSG-CA is recording the proton of C-2 as broadened singlet instead of multiplet. Since the multiplicity of this proton is due to its coupling with protons of C-3, it seems that there is an electron exchange between CA and RSG in which the sterical hindrance of complexation molecule inhibits the above-mentioned coupling. A change in the chemical shift of methyl group of mesylate from 3.97 to 3.69 indicates a change in position of mesylate group as well (Figure 7) .
There is no change in the 1 H-NMR spectra of the reaction product of method C. However the anionic radical made by Journal of Spectroscopy   7   190  180  170  160  150  140  130  120  110  100  90  80  70  60  50  40  30  20 complexation of TCNQ and RSG is being mentioned in IR spectra part. It seems that carrying a lone electron on nitrogen atom does not affect the chemical shifts of neither NH 2 + nor CH 2 -NH 2 + (Figure 8 ).
Conclusion
The suggested methods have the advantage of being simple, accurate, sensitive, and suitable for routine quality control of the drug in bulk form and in pharmaceutical formulations without any doubt of interference with excipients expected to present in formulations. The formation of RSG products was confirmed by IR and 1 H-NMR techniques.
